We report the first measurement of differential and total cross sections for the γd → K 0 Λ(p) reaction, using data from the CLAS detector at the Thomas Jefferson National Accelerator Facility. Data collected during two separate experimental runs were studied with photon-energy coverage 0.8−3.6 GeV and 0.5−2.6 GeV, respectively. The two measurements are consistent giving confidence in the method and determination of systematic uncertainties. The cross sections are compared with predictions from the KAON-MAID theoretical model (without kaon exchange), which deviate from the data at higher W and at forward kaon angles. These data, along with previously published cross sections for K + Λ photoproduction, provide essential constraints on the nucleon resonance spectrum. A first partial wave analysis has been performed that describes the data without the introduction of new resonances.
I. INTRODUCTION
New states have been discovered in the spectrum of nucleon resonances in recent years, which are summarized by the Particle Data Group (PDG) [1] , in part due to high-precision data from photon-beam facilities, and also due to theoretical advances in coupled-channel partial wave analyses [2] . Some nucleon resonances, or N * 's, have a weak coupling to πN final states yet may have significant branching ratios to final states with strangeness, such as K + Λ. Most of the strangeness photoproduction data comes from reactions using a proton target. However, protons and neutrons have different photocouplings to the N * 's and measurements of cross sections off the neutron give complementary information [3] . Here, we present the first measurements of the reaction γd → K 0 Λ(p) where the proton is a spectator. (In fact, the proton can contribute in some kinematics through final-state interactions, but based on results of other analyses we expect these effects to be small here [4] .) One advantage of studying this reaction is that the Λ is an isosinglet, and hence only N * resonances (and no ∆ * resonances) can contribute to s-channel diagrams, thus simplifying the theoretical interpretation of the data. The measurements are compared with theoretical predictions from an approach that is based on a unitarized tree-level Lagrangian model [5] . The model includes phenomenological couplings of N * 's to the KΛ final state, based on fits to existing kaon production data [6] [7] [8] , with * Current address:Hampton University, Hampton, VA 23668 † Current address:University of Dammam College of Education of Jubail Department of Physics P.O 12020, Industrial Jubail 31961 Saudi Arabia photocouplings to the N * 's extracted from previous measurements (more in Section IV A). The calculations also include t-channel exchange based on the Regge model. Since the K 0 has no charge or spin, the t-channel contributions to K 0 Λ photoproduction only come from an exchange of a strange meson with spin S = 1, such as a K * .
A comparison between the data and theoretical predictions will allow us to obtain information on which N * 's contribute to this reaction. In particular, there are many resonances predicted by the constituent quark model [9, 10] or by lattice gauge theory [11] that are not seen in experiments and are commonly referred to as "missing" resonances. Recent work by the BonnGatchina group [2] has added a few new resonances, but many are yet to be observed.
At lower center of mass energies, W , only N (1650)1/2 − , N (1710)1/2 + , and N (1720)3/2 + were predicted to contribute significantly to K + Λ production. However, the SAPHIR [12, 13] and CLAS [6] [7] [8] photoproduction data off a proton target show an enhancement at W ∼ 1.9 GeV. Partial Wave Analyses (PWA) suggested that this corresponds to a new resonance, the N (1900)3/2 + , which couples only weakly to πN final states [2] . Given these findings, data utilizing photoproduction off the neutron are very important to understand these resonant states. The measurement of the γd → K 0 Λ(p) cross sections is expected to lead to the determination of excitation coupling strengths, relative to the proton.
II. THE EXPERIMENTS
The g10 and g13 datasets were collected using the CEBAF Large Acceptance Spectrometer (CLAS) at the Thomas Jefferson National Accelerator Facility. The experiments used a tagged Bremsstrahlung photon beam [14] created from the primary electron beam of the CE-BAF accelerator. These photons were tagged by determining the scattered electron energy [14] . This allowed tagging photons between 20% and 95% of the incident electron energy (E 0 ) with resolution of 10 −3 E 0 . Some of the generated photons interacted with the liquid deuterium target and produced a neutral K 0 and a Λ baryon. Each of the final state hadrons decayed into pions and a proton that were tracked by the drift chambers [15] in a toroidal magnetic field [16] to determine the charge and momenta of the particles. The time-offlight was determined using the start counter [17, 18] , surrounding the target, and the (stop) counters on the exterior of CLAS [16] . A schematic of CLAS can be seen in Fig. 1 . The detected particles were then used to reconstruct the momenta and trajectories of the produced kaon and Λ in the offline analysis.
FIG. 1. A schematic of CLAS [16] (top view, cut along the beamline).

A. g10 Experiment
The g10 experiment directed the CEBAF electron beam onto a gold foil to produce an unpolarized bremsstrahlung photon beam, which then struck an unpolarized liquid-deuterium target. The target chamber was conical, measuring 24 cm in length with a maximal diameter of 4 cm. The center of the target was positioned 25 cm upstream from the CLAS center. For this experiment the incident electron energy was E e = 3.767 GeV, which allowed a maximum tagged photon energy of about 3.6 GeV.
The analysis on this dataset was limited to photon energies between 1.0 GeV and 3.0 GeV where event rates were the largest. The torus had two different current settings, +2250 A and +3375 A [19] . Each magnet setting was kept for roughly half of the g10 beam time. The positive polarity, which bends negatively charged particles towards the beamline, combined with the high torus setting, resulted in some low-momentum π − tracks curling far enough inward to never be seen by the timeof-flight (stop) counters. Therefore, this analysis only investigated the data set with the torus magnet set at +2250 A as to increase the probability of detecting lower momentum π − 's.
B. g13 Experiment
This analysis used the g13 experiment's data with circularly polarized photons that were generated using a polarized electron beam at an energy of 2.65 GeV. The torus magnet current was set to −1497 A to have larger efficiency for low momentum π − 's that bent away from the beamline, in contrast to g10's positive torus polarity. A conical 40-cm-long unpolarized liquid-deuterium target was used during the g13 experiment. This was positioned 20 cm upstream from the CLAS center with a maximal diameter of 4 cm. This set-up was intended to maximize the acceptance of low-momentum π − 's that resulted from the decays of hyperons. These data were used for the cross section determination presented here due to its large energy overlap with the g10 data set.
III. DATA ANALYSIS
The different run conditions of the g10 and g13 experiments allowed a check on the reproducibility of this first K 0 Λ cross section measurement. Differences in these independent measurements include the photon tagger energy range, photon flux, and torus field strength and polarity.
A. Particle Identification
The short lifetime and neutral charge of the reaction products of interest, K 0 and Λ, make their direct detection virtually impossible. The particles were reconstructed through their decays:
Having no particles detected directly from the reaction vertex required an extra step to determine the decay vertex, which was used to account for energy losses due to ionization (and momentum corrections). These corrections are essential for making a direct and reliable comparison of data and simulation. The final-state particles representing the reaction of interest are three pions and a proton. Particle identification consisted of a comparison between the measured time-of-flight, t m , and the calculated time using the particle's assumed mass and momentum (as extracted from tracking);
where D is the reconstructed path length of the particle from the event vertex to the TOF counters, m is the assumed mass of the particle, and t m is the time-of-flight as calculated by taking the difference between the TOF time and the event start time. Particle identification was performed separately for positive and negative tracks. Fig. 2 shows a very small subset of the raw g13 data, in which δt is determined for each track, given its measured quantities (t m , charge, and momentum) for assumed masses of a π and p. The time difference about δt = 0 was fit as a function of momentum with a Gaussian for several momentum bins; a 2σ (3σ) cut about the centroid of δt was used to identify particles in g13 (g10) data. Fig. 2 shows horizontal bands at δt = ±2 ns and ±4 ns that reflect the 2 ns RF period of the CEBAF electron beam.
B. Event Selection
Once the candidate events with all the required particles were identified, their tracks were paired to reconstruct the possible K 0 S and Λ particles. The K 0 S decays 69% of the time into a π + π − pair [1] , while the Λ has a 64% branching ratio to the π − p channel [1] . It cannot be certain apriori which of the two π − 's was the partner of the proton and which one of the π + , so each combination was considered. The π − p pair that yielded an invariant mass closest to the Λ mass was chosen. From both simulation and data studies, it was shown that less than 1.0% of surviving events were then paired incorrectly [20, 21] . This showed that each π − could be reliably assigned to a corresponding p or π + (when a K 0 S Λ event existed) and was used for K 0 S and Λ reconstruction in this analysis. Several corrections and cuts were applied before the final yield extraction was done. The momenta of the tracks was corrected for the energy lost as the particles passed through the target and start counter [22] . Slight corrections were also necessary for the momentum of each track, due to uncertainties in the magnetic field, and for the tagged photon energy, caused by the sag of the tagger focal plane [6] . Cuts were also made to remove poorly performing tagger counters and time-of-flight paddles. Events associated with beam trips were also cut from the final analysis.
Every particle that traverses through CLAS can be described by its production vertex, momentum ( p), and mass. To increase reliability, all tracks that were reconstructed close to the edges of the detector were removed from both data and simulation [6] . These trajectories were identified based on the decrease in the number of reconstructed particles in finite bins of the vertex, momentum ( p), and mass. These fiducial cuts change with each experiment, due to different magnetic fields and target locations. Figures 3 and 4 show the reconstructed invariant mass distributions of π + π − and π − p, respectively. One can clearly see the K 0 S and Λ peaks. The peaks sit on top of background, which was mostly due to non-resonant pπ + π − π − X production. The phase space background can be reduced by a cut on the opposing particle's (K 0 S or Λ) mass distribution (a 4σ cut was used in this analysis). To illustrate that the data has peaks where they are expected, a simulation of γd → K 0 S Λ(p) was compared with the data. At this point the data contained a large amount of background. To reduce this background, cuts on the invariant mass (as discussed above) were imposed on the data and simulation. The peak location, width of these signal peaks, and a representation of where a 4σ cut would lie is shown in Fig. 3 and 4 for the reconstructed Λ and K 0 S , respectively. 
C. Yield Extraction
Extraction of the exclusive γd → K 0 S Λ(p) events from the sample of γd → π + π − π − pX events requires the background contributions to be identified and removed (or accounted for). Also, final-state-interaction events need to be eliminated or strongly suppressed. Previous studies of the reaction of interest [23] have shown that the distribution of the missing mass off the kaon, M M (γn, K 0 S ) (where n was assumed to be at rest), versus the missing mass off
, was useful in understanding background contributions from reactions with higher-mass hyperons such as Σ 0 and Σ * . This can be seen in Fig. 5 .
The events of interest yield a peak in M M (γn, K 0 S ) at the Λ mass. This peak was much wider, compared to K + Λ production off the free proton, since the Fermi momentum of the target neutron was not taken into account in the calculation of M M (γn, K 0 S ). This quantity, due to the undetected nucleon, was not sufficient to remove background. While the Σ 0 cannot be removed with a simple cut, the Σ * contributions can be reduced to a negligible amount by removing all events with M M (γd, K 
ilar argument was made for K * , or other events with a missing pion. Therefore, M M (γd, K 0 S Λ) was used for the yield extraction as discussed throughout this document.
The distributions in Fig. 6 illustrate the missing mass after cuts on the invariant mass of the Λ and K To extract a more reliable yield, the fitting of
was approached by means of only describing the leading edge of the distribution. Generated data allowed a very good approximation of background contributions, and these were used to perform background subtraction as described in the next section. Specifically, the shape of the background was determined by fitting the simulated K 0 S Σ 0 spectrum after it was processed through the modeled detector. This shape was then scaled to match the distribution of our actual data. The yields were ex- tracted by the integration of the signal and by scaling the background shapes to the data.
D. Background
The reaction of interest was γd → K 0 Λ(p). To measure this process the decay products of the K 0 and Λ were detected. Therefore the final state particles that were detected were π − π + π − p. The four tracks could be produced several different ways. The backgrounds can be attributed to two categories. The first category was a five (or more) track background, where one (or more) tracks were missed by CLAS. The second category of background processes was from a four track background.
Hyperon Backgrounds
By extracting the yield through the missing mass, it was likely that any process producing an extra pion (or other massive particle) was well separated from the spectator proton missing mass measured by
, where P i is the four-momentum of the given particle. Near the missing mass signal the most prevalent five track background was identified as γd
. Nonetheless other background channels were also explored.
The K 
The bottom panel is a fit to the missing mass of an example data bin. The fit uses a Gaussian and a hyperbolic tangent shape that was parameterized from the simulation. This is an example of the g13 data fit to extract the number of events that were missing only one proton.
Other hyperon backgrounds were studied using simulations of detector acceptance. An equal number of events was generated for the K 0 S Λ channel and the two lowest energy competing background channels -the K 0 S Σ * and K * (892)Λ channels. Phase space was used for the event generation. There was a negligible contribution of both channels, which reflected their extremely low acceptance. This, combined with the improbability that the missing mass was near the spectator proton mass, suggests that these channels were not contaminating the dataset. While the strange channels (such as K 0 S Λ and K 0 S Σ 0 ) were the primary source of our four final state particle events, other processes from non-strange production mechanisms could contribute to the background. One to consider is the production channel of γd → ρ∆
Both the ρ and ∆ 0 have a wide mass distribution when compared to either the K 0 S or Λ peaks. When this channel is considered it could easily produce a relatively broad distribution about the invariant masses of the K 0 and Λ. Likewise if there were other similar background processes, the general trend would be creating a missing mass peak at the value of the proton mass, but would not produce a peak at the kaon or Λ mass.
Regardless of the channel, one would expect scattering events where the final state particles were directly produced from photon-nucleon interactions. In this case, the background from
Because there were multiple channels contributing to the background, they were modeled with simulations. This "random" distribution resulted with kinematics filling in the phase space underneath the signal peaks (K 0 S and Λ). A uniform phase space distribution was generated to model this background. Although most of the generated phase space events were not in the region of interest, the events that did pass the limiting cuts matched the background shape under the Λ signal and the K 0 signal. To account for this background, the sidebands of K 0 S were projected onto the missing mass plane, where by definition this background created a peak at the spectator proton mass. The number of events that were only missing a spectator proton were found in each region noted in Fig. 8 . To obtain the correct number of K 0 S Λ events, subtraction was used based on the sidebands of the K 0 S distribution. The events in Region 2 of Fig. 8 can be written as
where
and 
were subtracted from the events of Region 2. The size of this background fluctuated near 15% depending on the kinematic bin. This resulted in the raw yield of K 0 S Λ after subtraction of K 0 S Σ 0 events.
E. Photon Flux
Photons incident on the target were tallied and then corrected by the tagger efficiency as they were written into the flux files [24] . The analysis code then cycled through the files to sort photons into the same energy bin structure as the yield extraction. Events without a corresponding photon flux file were dropped from the analysis. Analysis was performed on the consistency of the yield-to-flux ratio, or normalized yield. This generated an estimate of stability for each run within the experiment. Most energies showed a variation less than 3% in the normalized yield for g13 and less than ≈ 5% for g10. This uncertainty was accounted for in the calculation of the luminosity uncertainty for the cross section (see Tables I and II) .
F. Monte Carlo Simulation
Monte Carlo simulation was used to determine the true acceptances in the CLAS detector. In principle, the CLAS detector provides nearly 4π acceptance, but in reality, the detector has several "blind" spots and regions of low efficiency. Simulation was used to generate
S Λ(γp) events separately. Their relative event ratios for each kinematic bin were later weighted in proportions with respect to the real data. For this study, fsgen [25] (a FORTRAN code that uses the PYTHIA framework [26] ) was used for event generation. Events were produced from a deuterium target and included the associated Fermi momentum. The reliability of the simulated events was tested through comparisons of each particle's momentum, including the spectator proton. The generated events were then passed to the standard CLAS detector simulation, GSIM (a GEANT-3-based simulation code suite for CLAS). The GSIM package uses GEANT to propagate the particles through a simulated CLAS system. It was important to correct for the detector inefficiencies, before the event quantities were sent through the reconstruction algorithm and analyzed. We used the GPP (GSIM post processor) code that served two primary purposes: it removed some tracks to correct for the inefficiencies in the CLAS detector system at the time of the experiment and it smeared the track resolution through the drift chambers to better model the position uncertainty of detectors in the experimental data. The trajectories and energies of the final-state particles were recorded into the data banks as individual measurements of sub-detector systems. The files containing the simulation data had the same structure as the data files, with the addition of the generated information for each track.
The momentum of the spectator proton was compared to the reconstructed simulation versus data. The generator began by first selecting the photon energy in the event. With this energy, the Fermi momentum was determined using the Bonn distribution as a weighting factor. The Bonn potential is based on the exchange of mesons between the nucleons [27] . The center-of-mass energy, along with all the momenta contained in each generated event, was affected by the Fermi momentum. The missing momentum in this analysis was described by
where p is the momentum vector of each particle: proton, photon, deuteron, kaon, and Lambda. This missing momentum in each four track event (assuming no missing tracks) represented the Fermi momentum of the undetected spectator proton. One can see this in the data only if a strict cut on missing mass is applied to remove a significant portion of the Σ 0 background (see Fig. 9 ). Applying a cut of ±20 MeV about the expected missing mass peak, M M (γd, π + π − π − p), at the spectator proton results in Fig. 10 . The agreement between simulation and data confirmed that the weighting of Fermi momentum in event generation appropriately describes the process in quasi-free events.
G. Systematic Uncertainties
Systematic uncertainties were determined for each portion of the experiment. This includes uncertainties in the target and detector geometries, and effects of event selection and cuts. Most components contributing to the uncertainties were compiled per kinematic bin. The largest uncertainties were associated with forward angles, where a blind spot exists from the detector geometry, and at backward angles, where statistics and detector efficiencies were poor. The average point-to-point uncertainties can be seen in Tables I and II . These were separated into broad categories to give some sense of the source of uncertainty.
The systematic uncertainties underwent extensive internal review, and were examined for different choices for analysis cuts and different methods of background subtraction for the yield extraction. Details are given in Ref. [20] and [21] . In addition, one of the largest uncertainties is due to the luminosity. This was studied extensively in Ref. [19] for the g10 experiment and similar studies were repeated for the g13 experiment [21] . In general, these systematic uncertainties are typical when compared with other CLAS experiments [6] [7] [8] . Several models, such as e.g. KAON-MAID [5] , have been developed for the kaon photoproduction channels. However, while most model calculations for K + photoproduction off the proton show little variation, due to the availability of good quality data, the γn → K 0 Λ predictions from KAON-MAID are largely unconstrained. The combination of the γn and γK 0 vertices make this channel particularly hard to predict. The inclusion and exclusion of t-channel kaon exchange in calculations from KAON-MAID changes the cross section output by large factors (variations up to a factor of ten as shown in Ref. [5] ). The present data should give enough constraints to tie down several coupling strengths that would not only improve other predictions, but possibly even allow classification of specific resonances based on extracted helicity couplings.
The luminosity,
where E γ is the beam energy, A target is the atomic weight of the target, Φ(E γ ) is the photon flux, ρ is the density of the target, is the length of the target, and N A is Avogadro's number, is measured as a function of beam energy in each experiment. The differential cross section for the γd → K 0 Λ(p) reaction can then be written as: 
is the CLAS acceptance, and B.F. is the branching fraction or inverse branching ratios of the decay channels for the neutral hadrons (
. Using the g13 data set, Fig. 11 shows the differential cross section of the γd → K 0 Λ(p) reaction with respect to cos θ K 0 CM for 100 MeV photon energy bins between 0.9 GeV to 2.5 GeV.
Preliminary fits using PWA from the Bonn-Gatchina group were applied to the measured data [2] . The schannel diagrams, where N * resonances form, contain two main variables. The first unknown is that of the resonance decay, N * → K 0 Λ. This can be restricted by utilizing previous K + Λ fit results from proton targets. The second and more interesting unknown is that of γn → N * . Not only is γn → N * different from that of γp → N * , due to the photocouplings, but not all resonances will have a strong decay to the KY channels. To best describe the underlying processes, this PWA employed a multi-channel fit that incorporated observables from γd → π − p(p), π − p → γn, γd → π 0 n(p), γd → ηn(p), and γd → K + Σ − (p). As a result of the preliminary fit, two main solutions were found to describe the data. Both solutions seem to describe γd → K + Σ − (p) and γd → K 0 Λ(p) reasonably well, as shown below.
In Fig. 12 , the cross section is shown as a function of center-of-mass energy for various cos θ K 0 CM bins including both the g10 and g13 data sets. Close agreement is seen between the two experiments, with some discrepancies in the forward bin: 0.7 < cos θ K 0 CM < 0.8. Although the exact cause of the small difference in this forward bin is unknown, it is assumed that this demonstrates the uncertainty of modeling the detector and field map in this kinematic regime (two of the main differences between these experiments were the magnitude and directionality of the magnetic field). The KAON-MAID model is also shown, assuming no contributions from the K * (892) and K 1 (1270). These parameters were chosen for the model as this provided the best agreement with data. From this it is seen that these data will be essential to better constrain t-channel contributions. The complementary nature of γd → K 0 Λ(p) compared to γp → K + Λ, where one has a neutral exchange in the t-channel and the other a charged exchange, can help differentiate between contributions from various t-channel exchanges (and the interference between s-channel and t-channel diagrams).
The cross sections of the data are in good agreement with the PWA fits done by the Bonn-Gatchina group [2] as shown in Figs. 12 and 13. In the latter, the shaded regions show the range of contribution from different schannel partial waves (S 11 , P 11 and P 13 denoted in the legend of the figure) that contribute to the total strength (shown by the solid lines). Further work on measurements of photoproduction observables off the deuteron will help differentiate between the two Bonn-Gatchina solutions shown here. Such work is in progress and will be presented in a separate publication.
C. Total Cross Section
The total cross section can be found by integrating over all cos θ K 0 CM of the differential cross section. This has two sources of uncertainty: that of the fit to the data points, and that associated with the absence of data at extreme angles.
Despite the fact that an individual fit function may fit the data within the measured angular region quite well, it may not be fully representative of the overall uncertainty. To obtain an estimate on the uncertainty attributed with extrapolations to extreme cos θ K 0 CM regions, many functions were tried. These functions included:
• A second order Legendre polynomial
• A third order Legendre polynomial
• A second order Legendre polynomial multiplied by an exponential
• A third order Legendre polynomial multiplied by an exponential
• A third order Legendre polynomial with linear extrapolations
These functions can fit the data well and be assumed to span a variation of realistic behaviors near the forward and backward angles. The uncertainty of the integration incorporated the covariance matrix given by the fit.
The larger the error bands in the range of cos θ K 0 CM from −1 to 1, the larger the uncertainty in the integration. Fig. 14 demonstrates several fits to the data with a 1σ error band. The integrated cross sections for each fit can be seen in Fig. 15 . The quoted total cross section uses the third order Legendre polynomial. The base fit is shown in Fig. 16 . The inner error bars are the uncertainty estimates from the third order Legendre polynomial integration. The outer error bars represent the computed standard deviation (between third order polynomial and all other fits) added in quadrature with the inner error bars. Previous analyses of γp → K + Λ [2] have shown that there is at least one s-channel resonance necessary to describe the data that was not needed for PWA of the pion data. Therefore, the channel K 0 Λ should be able to confirm these found states. For example, Fig. 16 clearly shows a "bump" in the γp → K + Λ channel near 1900 MeV often attributed to N (1900)3/2 + . This enhancement is not seen in γd → K 0 Λ(p), albeit with fewer data points available. This suggests that this effect is due to missing interference terms. One interpretation is to view these missing terms as contributing to the excess K + Λ cross section through the interference of a resonant state, the N (1900)3/2 + and t-channel background processes. This is assumed since γd → K 0 Λ(p) has a suppression of t-channel terms [28] , described by kaon exchange, which should make this reaction ideal for identifying N * resonances. This implies that partial wave analyses combined with the nature of γd → K 0 Λ(p) production will be able to provide constraints for models describing nucleon resonances that couple strongly to the KY decay channels.
V. CONCLUSIONS
In summary, the differential and total cross sections of γd → K 0 Λ(p) have been presented from two different CLAS experiments, which are in good agreement. Due to the fact that previous data on this channel are scarce, the majority of presented kinematics are the first of their kind. These data have allowed a preliminary PWA fit to be completed, which produced two independent solutions to describe the intermediate processes. The PWA are being extended to fit both the present results and the previous K + Λ results and other available data, with the goal of investigating whether existing s-channel N * resonances can provide a reasonable description of these data, and perhaps to further constrain the pole properties of these N * 's. These data contain unique information that can be extracted to help with resonance classification and determination of helicity amplitudes, for example, in the contributions of the N (1900)3/2 + resonance in strangeness photoproduction. Clearly more investigation is needed to correctly describe the nucleon excitation spectrum. It is expected that the continued study of observables in this channel will be able to identify the best PWA solutions that can fit the data. The identification of the correct fit will improve our current understanding of the s-channel contributions to KY cross sections. 
